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An End-Fire Antenna or Array on Surface with Tunable Impedance 
Technical field 

5 The present invention relates to conformable, flush-mounted antenna which produces end-fire 
radiation along the surface, and which is steerable in one or two dimensions. 

Background of the invention 

10 The prior art includes a PCT application of D. Sievenpiper and E. Yablonovitch entitled 
"Circuit and Method for Eliminating Surface Currents on Metals" PCT application 
PCT/US99/06884, published 7 October 1999 as WO 99/50929. This prior PCT application 
relates to a high-impedance or Hi-Z surface. 

15 It is also known in the prior art to place a conformable end-fire antenna or array on a Hi-Z 
surface. It has been shown that the Hi-Z material can allow flush-mounted antennas to 
radiate in end-fire mode, with the radiation exiting the surface at a small angle with respect to 
the horizon. 

20 The Hi-Z surface, which is the subject matter of the aforementioned PCT application and 
which is depicted in Figure la, includes an array of resonant metal elements 12 arranged above 
a flat metal ground plane 14. The size of each element is much less than the operating 
wavelength. The overall thickness of the structure is also much less than the operating 
wavelength. The presence of the resonant elements has the effect of changing the boundary 

25 condition at the surface, so mat it appears as an artificial magnetic conductor, rather than an 
electric conductor. It has this property over a bandwidth ranging from a few percent to 
nearly an octave, depending on the thickness of the structure with respect to the operating 
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wavelength. It is somewhat similar to a corrugated metal surface 22 (see Figure lb), which- 
has been known to use a resonant structure to transform a short circuit into an open circuit. 
Quarter wavelength slots 24 of a corrugated surface 22 are replaced with lumped circuit 
elements in the ffi-Z surface, resulting in a much thinner structure, as is shown in Figure 1 a. 
5 The Hi-Z surface can be made in various forms, including a multi-layer structure with 
overlapping capacitor plates. Preferably the ffi-Z structure is formed on a printed circuit 
board (not shown in Figure 1) with the elements 12 formed on one major surface thereof and 
the ground plane 14 formed on the other major surface thereof. Capacitive loading allows the 
resonance frequency to be lowered for a given thickness. Operating frequencies ranging from 
10 hundreds of megahertz to tens of gigahertz have been demonstrated using a variety of 
geometries of Hi-Z surfaces. 

It has been shown that antennas can be placed directly adjacent the Hi-Z surface and will not 
be shorted out due to the unusual surface impedance. This is based on the feet that the Hi-Z 

15 surface allows a non-zero tangential radio frequency electric fiel4 a condition which is not 
permitted on an ordinary flat conductor. In one example, a flared notch antenna was placed 
on a Hi-Z surface, such that the metal shapes making up the antenna are oriented parallel to 
the surface, as shown in Figure 2. The antenna exhibits end-fire radiation, in which the radio 
waves are emitted with the electric field being tangential to the surface, in the form of a leaky 

20 IE surface wave. 

The radiation pattern for the flared notch antenna on the Hi-Z surface is shown in Figure 3, 
along with the pattern for a similar antenna on a flat metal surface. On the Hi-Z surface, the 
radiation is emitted at 30 degrees to the horizontal, compared to 60 degrees on the metal 
25 surface. This suggests that by changing the surface impedance, one can steer a beam in 

elevation over a range of at least 30 degrees. Tunable impedance surfaces can be made using a 
variety of mechanical and/or electrostatic techniques, as described the two patent applications 
identified above. 

30 It has been determined that the angle at which radiation leaves or is received by an antenna 
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placed about 2.5 cm above aHi-Z surface depends upon the impedance of the surface. As 
described in the two U.S. patent applications identified in the immediately preceding 
paragraph, mis surface impedance can be tuned in real time using a variety of techniques. 
When used with an end-fire array antenna, the antenna can be steered in two dimensions. The 

5 antenna is conformable and aerodynamic and can be readily incorporated into the outer skin of 
an aircraft or other vehicle. Such an antenna can be flush mounted on the exterior walls or 
rooftops of buildings to provide scanning over a wide angle. Additionally, conformable flush- 
mounted antennas are useful for automobiles for the reception of cellular signals, personal 
communication service (PCs) voice and digital data, collision avoidance information, or other 

10 data. 

In general terms the invention provides a steerable antenna for receiving and/or transmitting a 
radio frequency wave, the antenna comprising a tunable high impedance surface; and at least 
one end-fire antenna disposed on said surface. 

In another aspect the invention provides a method of steering a radio frequency wave received 
by and/or transmitted from an antenna, the method comprising: providing a tunable high 
impedance surface; disposing at least one end-fire antenna disposed on said surface; and 
varying the impedance of the tunable high impedance surface. 



Brief description of the drawings 

Figure 1 a is a perspective view of a Hi-Z surface; 
Figure lb is a perspective view of a corrugated surface; 
Figure lc is an equivalent circuit for a resonant element on the Hi-Z surface; 
30 Figure 2 depicts a flared notch antenna disposed horizontally against a Hi-Z surface; 
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Figure 3 is a graph of the radiation pattern of an antenna spaced about 2.5 cm above a Hi-Z 
surfece and an antenna spaced about 2.5 cm above a flat metal surface; 

5 Figure 4 depicts a flared notch antenna disposed on or adjacent a Hi-Z surface and also 
depicts a radiated beam being steerable or scanable in both azimuth and elevation; 

Figure 5 depicts multiple arrays of Yagi-Uda antenna disposed on or adjacent a Hi-Z surfece; 

10 F igures6aaiid6T>areplanandsideele^ 
of printed circuit boards 

Figure 6c shows the reflection phase measured at normal incidence during a test of a surfece 
comprising the tunable Hi-Z surfece of Figures 6a and 6c with a flared notch antenna placed 
15 thereagainst; 

Figures 7 through 1 1 show the radiation pattern of the flared notch antenna placed against the 
tunable Hi-Z surface during the test; 

20 Figures 12a and 12b depict the application of the antenna disclosed herein on flight surfaces 
of an aircraft; and 

Figurel3 depicts the application of the antenna disclosed herein on a land vehicle. 



Detailed Description of the Invention 

The present invention provides an end-fire antenna or an end-fire antenna array 52 disposed - 
on or adjacentto atunable impedance surface 54. The tunable surface 54 performs elevation 
30 steerrog.wlnleazimufo steers ^ 
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structure is shown in Figure 4. Flared notch antennas (one type of end-fire antenna) are 
shown in this particular embodiment, but other types of end-fire antennas can be used, such 
as the Yagi-Uda arrays 56 shown in Figure 5. The antennas are arranged in a line across the 
surface 54, so that individual antennas may be phased, using techniques known in the art to 
5 provide azimuthal steering of a transmitted or received radio frequency beam 58. The 

antennas can be arranged in other patterns, if desired, such as a circular geometry, depending 
upon be available area and steering requirements in the azimuthal angle. Alternatively, a single 
element can be used if only elevation steering is desired 

10 The tunable impedance surface 54 can be made to behave as an electric conductor, a magnetic 
conductor, or anything in between, and be made tunable by using one of several electrostatic 

or mechanical methods described in PCT application PCTAJS01/ entitled "A Tunable 

Impedance Surface" filed on the same date as this application and also as described herein. 

15 Experiments indicate that as much as 45 degrees of elevation steering is possible, and even 
larger angles maybe possible with improved design of the surface or organization of the 
antenna elements. The azimuthal steering extent is determined by the properties of the linear 
array. 

20 The present invention involves an end-fire antenna disposed on a tunable Hi-Z surface in 
order for the antenna to be provided with elevational steerability. The antenna radiates a 
beam that exits the Hi-Z surface at an angle and/or receives a beam at an angle to the Hi-Z 
surface. By tuning the surface impedance of the Hi-Z surface, the angle at which the beam 
exits or is received by mis surface is varied. 

This concept has been tested by constructing a test antenna with, a simple tunable Hi-Z 
surface comprising a pair of printed circuit boards, as shown in Figures 6a and 6b, with a 
flared notch antenna placed thereagainst For the test, one of the printed circuit boards 16 was 
patterned with as a conventional Hi-Z surface having a array of elements 12 formed on one 
30 major surface thereof and a ground plane 14 formed on the other major surface thereof. Each 
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metal element 12 in the array was a square-shaped element having a width of 6. 1 0 mm and - 
located in the army with a 6.35 mm center-to-center mterval on a 31 mm tmck printed circuit 
board made of FR4. The second board 1 8 contained an array of floating metal plates or 
elements 20 formed on one major surface thereof, which elements matched the size, shape and 

5 distribution of the elements 12 on the Hi-Z surfece, but the second array had no ground plane. 
The two boards were placed adj acent each other in a parallel arrangement so that their metal 
elements 12 formed a three dimensional array of parallel-plate capacitors with a third printed 
circuit board 22 acting as the dielectric between the plates of the capacitors. The third printed 
circuit board wasaO.lmm thick poryimide plate. By sliding one of the boards with respect 

10 to the other board, the capacitances were varied and thus the surface impedance of the Hi-Z 
surface was likewise varied. In this way the Hi-Z surface was then tuned. In the experiment, 
the boards were slid to four different positions to present four different impedances to a 
flared notch antenna which was placed adjacent the second board 1 8. 

15 Figure 6c shows the reflection phase of the surface, measured at normal incidence, for the four 
positions ofthe two boards 16, 18. The reflection phase can be tuned over a range of nearly 
180 degrees for this particular geometry. The variations in the reflection phase indicate a 
change in surface impedance. 

20 Figures 7-11 represent radiation patterns forthe mechanically tunable Hi-Z surface 
describedabovewimreferaw 

board 1 8. Each successive figure represents a movement of 80 urn of the top board 18 relative 
to the bottom board 16. Thus these five successive figure represent atotal movement of 320 
urn ofthe top board 18 relative to the bottom board 16. As can be seen, the main lobe 25 of 
25 the RF beam steers by 45 degrees in this test Thus, as the surface impedance is changed, it 
can be seen that the elevation angle ofthe beam also changed. 

In the test represented by Figures 7 - 1 1 a vacuum pump was used to hold the bottom plate 
16 snugly against the top plate 18 by applying a suction through holes in plate 16. This 
30 effectively eliminated any air space between plates 16 and 18. 
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A two-dimensionally steerable, end-fire antenna of the type disclosed herein has uses in a 
number of applications. For example, since the surface 54 need not be planar, it can conform 
to the exterior surface of the aircraft wing 61, as shown in Figures 12a and 12b. By mounting 
5 antennas in both the upper 62 and lower surfaces 63 of the wing, the combined radio 

frequency beam can be steered over a wide angle, both above (see numeral 64) and below (see 
numeral 65) the horizon when the aircraft 60 is flying horizontally. Alternatively, the null 
farmed by the difference of the two signals can be steered, for the accurate tracking of objects. 

10 Other applications include automotive radar for collision avoidance and active suspension 
systems, as is illustrated by Figure 13. Using the two dimensional scanning capability of this 
antenna, radar systems could distinguish small objects on the road from taller objects, such as 
other cars or pedestrians. Information from lower angles indicating road hazards can be used 
to adjust an active suspension system in the vehicle. 

Having described this invention in connection with a preferred embodiment, modification will 
now certainly suggest itself to those skilled in the art. As such, the invention is not to be 
limited to the disclosed embodiments except as required by the appended claims. 
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1. A steerable antenna for receiving and/or transmitting a radio frequency wave, the antenna- 
comprising: 

(a) a tunable high impedance surface; and 

(b) at least one end-fire antenna disposed on said surface, 

2. The steerable antenna of claim 1 wherein the at least one end-fire antenna comprises at least 
one flared notch antenna. 

3. The steerable antenna of claim 2 wherein the at least one end-fire antenna comprises an 
array of flared notch antennas. 

4. The steerable antenna of claim 3 wherein the array of flared notch antennas is a linear array 
of flared notch antennas. 

5. The steerable antenna of claim 1 wherein the at least one end-fire antenna is a Yagi-Uda 
antenna 

6. The steerable antenna of claim 1 wherein the at least one end-fire antenna is an array of 
Yagi-Uda antennas. 

7. The steerable antenna of claim 6 wherein the array of Yagi-Uda antennas is a linear array of 
Yagi-Uda antennas. 

8. The steerable antenna of any one of the preceding claims wherein the tunable high 
impedance surface comprises at least two relatively moveable insulating substrates, a first one 
of said at least two relatively moveable insulating substrates having an array of elements 
disposed on a major surface thereof and a ground plane disposed on another major surface 
thereof, a second one of said at least two relatively moveable insulating substrates having an 
array of elements disposed thereon, the array of elements on the second one of said at least 
two relatively moveable insulating substrates confronting the array of elements on the first 
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one of said at least two relatively moveable insulating substrates through the second one of 
said at least two relatively moveable insulating substrates. 

9. The steerable antenna of claim 8 wherein two relatively moveable insulating substrates each 
have a thickness which is less than the wavelength of said radio frequency wave. 

10. The steerable antenna of claim 9 wherein the elements forming the airay of elements 
disposed on the two relatively moveable insulating substrates each have a maximum 
dimension which is less than the wavelength of said radio frequency wave. 

1 1. The steerable antenna of any one of claims 1-7 wherein the tunable high impedance 
surface includes an insulating substrate having an array of elements disposed on a major 
surface thereof and a ground plane disposed on another major surface thereof and capacitor 
arrangement for controllably varying the capacitance of adjacent elements of said array. 

12. A method of steering a radio frequency wave, received by and/or transmitted from an 
antenna, the method comprising: 

(a) providing a tunable high impedance surface; 

(b) disposing at least one end-fire antenna disposed on said surface; and 

(c) varying the impedance of the tunable high impedance surface. 

13. The method of claim 12 wherein the end-fire antenna is a flared notch antenna 

14. .The method of claim 12 wherein the end-fire antenna is an array of flared notch antennas. 

15. The method of claim 14 wherein the array of flared notch antennas is a linear array of 
flared notch antennas. 

16. The method of claim 12 wherein the end-fire antenna is a Yagi-Uda antenna. 
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17. The method of claim 12 wherein the end-fire antenna is an array of Yagi-Uda antennas. 

18. The method of claim 17 wherein the array of Yagi-Uda antennas is a linear array of Yagi- 
Uda antennas. 

19. The method of any one of claims 12 - 18 wherein the tunable high impedance surface 
comprises at least two relatively moveable insulating substrates, a first one of said at least 
two relatively moveable insulating substrates having an array of elements disposed on a major 
surface thereof and a ground plane disposed on another major surface thereof a second one of 
said at least two relatively moveable insulating substrates having an array of elements 
disposed thereon, the array of elements on the second one of said at least two relatively 
moveable insulating substrates confronting the array of elements on the first one of said at 
least two relatively moveable insulating substrates through the second one of said at least two 
relatively moveable insulating substrates an wherein the step of varying the impedance of Ihe 
tunable high impedance surface comprises moving the first and second insulating substrates 
relative to each other. 

20. The method of claim 19 wherein two relatively moveable insulating substrates each have a 
thickness which is less than the wavelength of said radio frequency wave. 

21. The method of claim 20 wherein the elements forming the array of elements disposed on 
the two relatively moveable insulating substrates each have a maximum dimension which is 
less than the wavelength of said radio frequency wave. 

22. The method of any one of claims 12-18 wherein the tunable high impedance surface 
includes an insulating substrate having an array of elements disposed on a major surface 
thereof and a ground plane disposed on another major surface thereof and capacitor 
arrangement for controllably varying the capacitance of adjacent elements of said array and 
wherein the step of varying the impedance of the tunable high impedance surface comprises 
varying the capacitance of adjacent elements of said array. 
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